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DEVELOPMENT  OF  TECHNIQUES  FOR 
PREPARING  HOMOGENEOUS  SINGLE 
CRYSTALS  OF  LEAD  TELLURIDE,  LEAD 
SELENIDE,  AND  LEAD  SULFIDE 


by 

J.  F.  Miller,  J.  W.  Moody,  and  R.  C.  Himes 


INTRODUCTION 


This  Nineteenth  Quarterly  Progress  Report  on  the  project  covers  the  period  from 
January  15  to  April  15,  1966. 


SUMMARY 


In  this  quarterly  period,  experimental  work  in  progress  on  the  doping  of  PbTe  was 
concluded  and  the  major  thrust  of  the  experimental  work  was  shifted  to  the  preparation 
of  PbTe-SnTe  alloy  crystals.  The  results  of  studies  on  platinum- doped  PbTe  indicate 
that  platinum  is  a  donor  in  PbTe  which  apparently  reacts  with  lead  vacancies  to  give 
material  with  low  free-carrier  concentrations.  Carrier  mobilities  are  high,  indicating 
that  the  densities  of  scattering  centers  in  the  resulting  material  are  low. 

Electron  mobilities  in  excess  of  10^  cm^/v-sec  at  4.  2*K  were  observed  for 
several  PbTe  crystals.  All  of  the  high-mobility  crystals  were  prepared  from  PbTe 
which  had  been  purified  by  vacuum  sublimation  or  zone  melting.  It  has  been  shown  pre¬ 
viously  that  the  purification  reduces  the  concentrations  of  a  number  of  impurities,  and 
hence  it  is  concluded  that  the  impurities  may  form  scattering  centers  which  affect 
mobilities  in  the  low-temperature  range.  The  mobility  for  one  crystal  at  4.  2*K  was 
observed  to  be  10?  cm^/v-sec.  Additional,  more  comprehensive  study  of  this  excep¬ 
tional  material  is  in  progress. 

Initial  experimentation  on  the  growth  of  PbTe  crystals  from  solution  in  Pb  has 
yielded  only  small  crystals.  However,  the  compound  phase  appeared  to  be  continuous 
and  development  of  the  method  for  ultimate  use  for  the  growth  of  large  alloy  crystals  is 
planned. 

Experimental  work  on  the  preparation  of  SnTe  and  PbTe-SnTe  alloy  crystals  has 
included  growth  from  the  melt,  the  heat  treatment  of  melt-grown  crystals,  and  the 
vapor  growth  of  crystals.  The  first  two  procedures  have,  to  date,  yielded  only  high- 
carrier-concentration,  p-type  material.  Small,  high- mobility  n-type  crystals  of  alloy, 
containing  about  20  mole  percent  SnTe,  have  been  prepared  by  vapor  growth,  however. 

Plans  call  for  continuation  of  the  alloy-crystal  preparation,  with  emphasis  in  the 
immediate  future  on  the  vapor  growth  of  other  compositions. 

Accepted  for  the  Air  Force 
Franklin  C.  Hudson 

Chief,  Lincoln  Laboratory  Office  _ _ 
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EXPERIMENTAL  DETAILS  AND  DISCUSSION 


Platinum- Doped  PbTe 


Additional  studies  of  platinum-doped  PbTe  which  were  carried  out  in  this  quarterly 
period  were  concerned  with  the  heat  treatment  and  with  room-temperature  aging  of  the 
crystals.  Data  on  the  preparation,  treatment,  and  electrical  properties  of  a  series  of 
crystals  from  a  directionally  crystallized  platinum-doped  PbTe  ingot  are  given  in  Table  1. 
The  single- crystal  ingot  was  Bridgman- grown  at  0.  05  in.  /hr  from  a  melt  containing 
about  50.  012  atomic  percent  tellurium,  49.  998  atomic  percent  lead,  plus  0.  1  atomic 
percent  platinum  (Seventeenth  Quarterly  Progress  Report,  October  15,  1965).  In  the 
table,  the  series  is  arranged  in  progression  from  the  first-to-freeze  to  the  last-to- 
freeze  specimen.  In  agreement  with  the  tentative  initial  conclusion  regarding  platinum 
in  PbTe  (Eighteenth  Quarterly  Progress  Report,  January  15,  1966),  the  data  indicate 
that,  within  experimental  error,  the  concentration  of  platinum  increases  with  progression 
along  a  directionally  frozen  ingot.  As -grown  crystals  from  the  first  portion  of  the  ingot, 
which  contain  the  lower  concentrations  of  platinum  (85-1  and  85-4),  are  p-type  at  room 
temperature,  appear  to  be  compensated,  and  show  the  double  crossover  of  the  Hall  coef¬ 
ficient.  In  the  remaining  as-grown  n-type  specimens,  carrier  concentrations  at  77* K 
generally  increase  through  the  series  with  increasing  platinum  concentration,  and  cor¬ 
responding  resistivities  show  a  general  decreasing  trend.  The  carrier  concentrations 
are  low,  however,  and  mobilities  are  high  for  the  carrier  concentrations.  Platinum  is 
indicated  to  be  a  donor  in  PbTe,  which  can  be  utilized  to  prepare  low-carrier-density, 
high- electron- mobility  crystals.  Properties  of  the  crystals  suggest  that  platinum, 
which  may  react  with  lead  vacancies,  is  not  a  normal  donor. 

Head  treatment  in  lead  vapor  at  750  and  850*C  is  seen  to  increase  free- electron 
concentration  appreciably.  The  carrier  concentrations  (at  77* K)  for  the  more  heavily 
doped  crystals  near  the  tail  of  the  ingot  (i.  e.  ,  85-5  and  85-3)  are  near  those  expected 
in  nndoped  PbTe  heat  treated  under  the  same  conditions.  On  the  other  hand,  carrier 
concentrations  remain  low  in  less  heavily  doped  crystals  such  as  21321-85-2  and 
18761-98  (described  in  Seventeenth  Quarterly  Progress  Report,  p  2).  Carrier  concen¬ 
trations  in  the  latter  crystals  were  increased  by  the  heat  treatments,  but  not  to  "normal" 
levels.  One  possibility  is  a  slow,  and  hence  incomplete,  approach  to  the  equilibrium 
state  for  this  type  of  PbTe. 

Room-temperature  "aging"  of  platinum-doped  PbTe  has  been  found  to  produce 
changes  in  the  electrical  properties.  Recheck  of  properties  of  platinum-doped  crystals 
prepared  several  years  ago  (Seventeenth  Quarterly  Progress  Report,  April,  1963) 
showed  that  the  carrier  mobility  (Ra)  values  had  decreased  by  factors  of  2  to  10, 
primarily  owing  to  increase  of  resistivity.  In  the  crystals  currently  being  studied, 
effects  on  resistivity  and  carrier  mobility  vary,  but  carrier  concentration  appears  to  be 
increased  by  the  aging.  Similar  aging  phenomena  also  have  been  observed  previously 
in  undoped  PbTe  (Fifth  Quarterly  Progress  Report,  October  15,  1962)  and  were  attributed 
to  the  precipitation  of  a  phase  which  exerts  varied  effects  on  carrier  concentration 
and  mobility,  depending  on  the  concentration  of  the  phase  and  its  identity  and  nature. 
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Low- Temperature  Electrical  Measurements  on 
Selected  PbTc  Crystals 


The  results  of  electrical-property  measurements  on  selected  PbTe  specimens, 
which  are  given  in  Table  2,  indicate  that  the  mercury-doped  material  {Specimen  19733- 
9A)  has  no  unusual  properties.  In  previous  investigation  of  the  heat  treatment  of  the 
mercury-doped  PbTe  (Eighteenth  Quarterly  Progress  Report,  January  15,  1966),  results 
likewise  indicated  that  the  mercury-doped  material  was  similar  to  undoped  PbTe. 

The  remainder  of  the  specimen  for  which  data  are  presented  in  Table  2  are  of 
PbTe  which  has  been  zone  refined  or  sublimed.  The  helium- temperature  electron 
mobility  (Rr)  for  the  zone-refined  PbTe  specimen  (18761-93)  is  higher  than  those  ob¬ 
served  for  PbTe  previously  prepared  on  this  program.  The  vacuum- sublimed  crystals 
are  the  only  single  crystals  prepared  in  this  work  for  which  Ro  values  greater  than 
)  x  10<>  cm^/v  -sec  have  been  observed.  The  results  are  not  uniformly  good,  however; 
it  can  be  noted  that  RJ  values  for  some  specimens  that  have  been  sublimed  (21321-28 
and  -66)  are  law.  This  may  be  attributable  to  (1)  the  pickup  of  copper  from  the  fused- 
silica  ampoules,  or  (2)  erratic  shifts  in  composition  (i.  e.  ,  slight  shifts  with  respect  to 
stoichiometry)  resulting  from  inadequate  control  of  the  sublimation  process.  Such  shifts 
in  composition  could  result,  for  example,  from  slight  variations  in  temperatures  and 
temperature  gradients  —  and  hence  in  vapor  composition  and  deposition  rate.  From 
spectrographic  analysis  of  Specimen  21321-66,  it  is  estimated  that  0.  2  ppm  of  copper  is 
present  in  this  material.  On  the  other  hand,  it  has  been  shown  that  the  concentrations  of 
a  number  of  both  metallic  and  nonmetallic  impurities  in  the  PbTe  are  reduced  by  vacuum 
sublimation.*  In  view  of  the  generally  high  helium-temperature  mobilities  (i.  e.  ,  R(J 
values)  it  is  suggested  that  the  purification  processes  reduce  the  concentration  of  ionized- 
impurity  scattering  centers. 

The  extremely  high  Ra  value  for  Crystal  19733-87  is  believed  to  be  the  highest 
reported  for  PbTe  since  it  exceeds  values  reported  by  Kanai,  et  al.**  The  value,  which 
was  obtained  from  measurement  of  both  resistivity  and  Hall  effect  at  4.  2*K,  falls  very 
near  the  T“5/2  curve  of  Ro  versus  temperature  for  PbTe.  The  Hall  specimen  on  which 
these  measurements  were  made  is  large  (~2.  0  x  0.  63  x  0.  45  cm)  and  additional  sizable 
(centimeter  dimensions)  portions  of  the  crystal  are  available.  More  comprehensive 
study  of  the  crystal,  including  electrical-property  measurements,  X-ray  diffraction, 
and  metaiiographic  examination,  is  in  progress.  Precision  X-ray  lattice-constant 
determinations  on  specimens  from  the  first  to  deposit  and  the  last  to  deposit  of  the 
vapor-grown  crystal  gave  values  of  6.  4605  and  6.  4614  ±  0.  0005  A,  respectively. 

Although  the  values  rigorously  must  be  considered  the  same  (i.  e.  ,  within  experimental 
error),  the  slight  difference  may  not  be  entirely  insignificant.  The  electrical-property 
studies  are  in  progress,  and  it  is  anticipated  that  results  of  studies  of  this  unusual 
crystal  can  be  presented  in  the  next  progress  report. 


Growth  of  PbTe  Crystals  From  Solution  in  Pb 


The  direct  growth  of  n-type,  Pb-saturated  crystals  from  Pb-Te  melts  should 
occur  at  low  temperature  (e.  g.  ,  in  the  range  just  above  330* C)  in  melts  containing  low 

"Twelfth,  Thirteenth,  and  Sixteenth  Quarterly  Progress  Reports,  September  9  and  December  31,  1964,  and  July  15.  1965, 
respectively. 

-Kanai.  Y. .  Nil,  R. .  and  Watanabe.  N. ,  J.  Appl.  Phys. .  325.  2146(1961). 
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concentrations  of  Te.  Since  the  temperatures  involved  are  low,  very  low  rates  of 
crystal  growth  can  be  employed.  Because  of  the  low  growth  temperatures,  properties  of 
t he  crystals  are  likely  to  be  different  from  those  of  crystals  grown  by  high-temperature 
methods.  Development  of  the  method  may  be  desirable,  not  only  for  the  preparation  of 
PhTe  crystals,  but  for  the  growth  of  PbTe-SnTe  alloy  and  other  compounds  as  well. 

In  the  first  experiment  on  the  growth  of  PbTe,  the  solution  was  made  up  to  contain 
about  3  weight  percent  Te  in  Pb  and  was  suspended  in  a  temperature  gradient  (about  8*C/ 
in.  )  in  a  tube  furnace.  After  the  solution  was  homogenized  at  950* C,  the  median  tem¬ 
perature  was  lowered  to  650*C  and  then  was  decreased  from  650* C  to  325*C  at  a  uniform 
average  rate  of  about  0.  4* C/hr  over  a  30-day  period.  A  shell  of  PbTe  was  formed  on 
the  outer  surface  of  the  solution  adjacent  to  the  graphite  container  wall  at  the  low- 
temperature  end  of  the  charge.  However,  crystallites  in  the  shell  were  small  and  the 
shell  was  thin;  hence,  no  specimen  suitable  for  evaluation  was  obtained.  In  a  second 
experiment,  which  is  now  in  progress,  the  concentration  of  Te  was  increased  to  10 
weight  percent,  and  the  temperature  is  being  decreased  uniformly  in  the  range  750  to 
400  *C. 


PbTe-SnTe  Alloy 


Melt  Growth 

Initial  experimental  work  on  the  PbTe-SnTe  alloy  has  been  concerned  with  crystal 
growth  from  the  melt,  with  crystal  growth  by  vapor  deposition,  and  with  the  use  of  heat 
treatment  for  the  adjustment  of  the  composition  of  melt-grown  crystals. 

Crystals  of  SnTe  and  ingots  of  PbTe-SnTe  alloy  were  grown  from  metal- rich  melts 
by  the  Bridgman  method  at  drop  rates  of  1.3,  3.  2,  5.  0  cm/hr.  The  50-50  and  the 
33-66  ratios  were  selected  as  initial  compositions  of  the  PbTe-SnTe  alloy  melts. 

(These  liquidus  compositions  correspond  to  solidus  compositions  near  90-10  and  77-23 
PbTe-SnTe,  respectively.*) 

Large  crystals  of  centimeter  dimensions  were  present  in  the  SnTe  ingots. 

Crystals  were  much  smaller  in  the  alloy  ingots,  however,  being  of  only  millimeter 
cross-sectional  dimensions. 

All  of  the  crystals  grown  from  the  melt,  both  of  SnTe  and  of  the  alloy,  were  p-type 
with  low  electrical  resistivity,  as  expected.  These  melt-grown  crystals  were  employed 
in  heat- treatment  experiments. 


Vapor  Growth 

A  number  of  vapor-growth  experiments  were  conducted  utilizing  as  source  material 
crushed,  metal-rich,  80-20  PbTe-SnTe  alloy  that  had  been  homogenized  in  the  molten 
state  and  quenched.  The  crystal  growth  was  conducted  in  sealed  fused-silica  ampoules  at 
source  temperatures  in  the  range  660  to  800* C  with  temperature  gradients  of  1  to 
2.  5'C/cm  and  with  total  temperature  differentials  along  the  ampoules  of  about  10  to  20*C. 

•Abrtkoaov.  N.  Kh. ,  Dvul'dina.  K.  A.,  and  Da  nily  an.  T.  A..  Journal  of  Inorganic  Chemistry.  USSR.  HI.  214(1958)  -  cover - 
to -cover  translation. 
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In  initial  experiments,  transport  of  the  alloy  was  found  to  be  too  rapid  at  795*C,  with  a 
10*C  temperature  difference  (~l#C/cm)  in  evacuated  ampoule*.  In  »ub*equent  experi¬ 
ments,  residual  hydrogen  atmospheres  (to  about  250  mm  pressure  at  300*K)  were  used 
and  growth  rates  were  lower. 

In  these  growth  experiments  small  (millimeter  dimensions),  well-formed  crystals 
were  obtained,  but  the  deposits  were  of  p- type  or  mixed  p-  and  n-type  crystals.  How¬ 
ever,  the  results  of  measurements  on  one  of  the  small  (0.  12  x  0.  71  x  **’2.  2  mm)  n-type 
crystals  grown  at  750* C  indicate  that  alloy  crystals  with  interesting  electrical  properties 
can  be  prepared  by  the  vapor- growth  technique. 


Resistivity 

Specimen  Temperature  (p),  ohm- cm 

23046-14  300  1.98  x  10-2 

77  1.  07  x  10-3 


Hall  Coefficient, 
(R),  cm3/ coulomb 

-19.4 

-35.9 


Carrier 

Ra,  Concentration 
cm2 / y-gec  (n),  cm"  3 

980  3.2  x  1017 

33,  600  1.8  xl017 


The  results  of  semiquantitative  X-ray  fluorescence  analysis  indicate  that  this 
crystal  contains  28  mole  percent  SnTe.  From  the  lattice  constant,  determined  by  X-ray 
diffraction,  it  was  calculated  that  the  crystal  contained  17  mole  percent  SnTe,  assuming 
Vegaard's  law  is  applicable  to  the  system.  Although  the  agreement  between  the  two 
methods  is  not  good,  the  results  indicate  that  the  alloy  crystals  contain  an  appreciable 
concentration  of  SnTe.  Standards  are  being  prepared  to  provide  for  quantitative  X-ray 
fluorescence  analysis  of  the  PbTe-SnTe  alloy  in  the  future. 


Heat  Treatment 


A  number  of  SnTe  and  PbTe-SnTe  alloy  crystals  were  heat  treated  in  the  vapor 
of  Sn,  Pb,  Zn,  Cd,  or  metal- rich  PbTe-SnTe  alloy  at  temperatures  in  the  range  450  to 
800*C  for  periods  of  2  to  10  days.  Following  these  "high- temperature"  heat  treatments, 
many  of  the  specimens  were  then  heat  treated  at  400  and  300 *C  for  3  to  7  days  (at  each 
temperature).  It  was  expected  that  Zn,  Cd,  Sn,  and/or  Pb  might  diffuse  into  the  crystals 
at  the  heat- treatment  temperatures  and  fill  metal- site  vacancies. 

All  of  the  SnTe  and  PbTe-SnTe  alloy  crystals  remained  p- type.  However,  several 
of  the  alloy  crystals  were  found  to  have  measurable  Hall  coefficients  following  the  heat 
treatment.  As  can  be  seen  from  the  data  in  Table  3,  although  the  Hall  coefficient  are 
still  low,  Re  values  range  up  to  6,000  cm2/v-sec  at  77*K,  with  maximum  values  for 
specimens  heat  treated  at  650* C.  In  the  series  of  SnTe  specimens,  the  resistivity 
(at  ?7*K)  appears  to  increase  as  heat- treatment  temperature  is  decreased  in  the  range 
750  to  550*C.  Both  of  these  trends  will  be  checked  in  future  work. 


FUTURE  WORK  PLANS 


Plans  for  the  next  quarterly  period  call  for: 

(1)  Some  additional  study  of  the  high-mobility  PbTe 
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(2)  Continuation  of  work  on  the  vapor-growth  of  PbTe-SnTe  alloy  crystals, 
specifically  aimed  at  obtaining  larger  crystals  and  crystals  of  several 
compositions. 

(3)  Continuation  of  the  study  of  the  heat  treatment  of  SnTe  and  PbTe-SnTe 
alloy  crystals 

(4)  Continued  work  on  the  development  of  the  solution  method  for  the 
growth  of  crystals. 


The  dat  upor.  which  this  report  is  based  are  recorded  in  Battelle  Laboratory 
Record  Book  No.  23046,  pf»  4-7C. 
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IS.  ARSTAACT 


Experimental  work  on  the  doping  of  PbTe  was  concluded  and  the  major  thrust  of  work  was  shifted 
to  the  preparation  of  PbTe-SnTe  alloy  crystals.  The  results  of  studies  on  platinum-doped  PbTe  indicate 
that  platinum  is  a  donor  in  PbTe  which  apparently  reacts  with  lead  vacancies  to  give  material  with  low 
free -carrier  concentrations  Carrier  mobilities  are  high,  indicating  that  the  densities  of  scattering 
centers  in  the  resulting  material  are  low. 

Initial  experimentation  on  the  growth  of  PbTe  cry  stals  from  solution  in  Pb  has  yielded  only  small 
crystals.  However,  the  compound  phase  appeared  to  be  continuous  and  development  of  the  method  for 
ultimate  use  for  the  growth  of  large  alloy  crystals  is  planned. 

Experimental  work  on  the  preparation  of  SnTe  and  PbTe-SnTe  alloy  crystals  has  included  growth 
from  the  melt,  the  heat  treatment  of  melt-grown  crystals,  and  the  vapor  growth  of  crystals.  The  first 
two  procedures  have,  to  date,  yielded  only  high-carrier-concentration,  p-type  material.  Small,  high- 
mdbility  n-<ype  crystals  of  alloy,  containing  -about  20  mole  percent  SnTe.  have  been  prepared  by-  vapor 
growth,  however. 
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